ABSTRACT Gas chromatography-mass spectrometry was used to analyze the cuticular hydrocarbons extracted from the pupal exuviae of six necrophagous ßies: Aldrichina grahami (Aldrich), Chrysomya megacephala (F.), Lucilia sericata (Meigen), Achoetandrus rufifacies (Macquart), Boettcherisca peregrina (Robineau-Desvoidy), and Parasarcophaga crassipalpis (Macquart). A discriminant model including the variables of peak 1 (tricosane), peak 7 (9-,11-,13-methyl-pentacosane), peak 21 (11,12-;9,13-dimethyl-hexacosane), peak 24 (octocosane), peak 41 (7,11-dimethyl-nonacosane), peak 42 (3-methyl-nonacosane), peak 46 (2-methyl-hentriacontane), and peak 51 (unknown) was constructed, which allowed a complete separation of the pupal exuviae of the six species. These results indicate that cuticular hydrocarbons as chemotaxonomic characters for insects of forensic importance are of high value and feasibility.
Forensic entomology may be used to resolve the timing of criminal events by studying the insects and other arthropods associated with a body to estimate the postmortem interval (PMI), the cause of death, and the site of death (Benecke 2001) . Generally, pupal exuviae found at the scene are useful for estimating the PMI because their chemical degradation is slow; sometimes, they can be found in the proximity of human remains even after many years. Accurate species identiÞcation is the Þrst step. However, species identiÞcation of pupal exuviae by morphological methods is difÞcult because few characters are available, and they are easily destroyed by adult emergence. Even though some researchers can use molecular techniques to separate them, the major biochemical components, such as DNA and protein, are typically decomposed. Development of a rapid and accurate identiÞcation method would be beneÞcial for practical Þeld use.
In some insect species, cuticular hydrocarbons (CHCs), which provide a protective layer that limits moisture loss (Page et al. 1990) , constitute Ͼ90% of the surface lipids. They play a role as biological materials, similar to sex pheromones, acting as recognition signals to produce behavioral responses in social and gregarious insects such as mosquitoes, termites, and cockroaches, According to recent publications (Phillips et al. 1990 , Thorne et al. 1994 , Chapman et al. 1995 , Mahamat et al. 1998 , CHCs have been extensively investigated as cues for insect species and colony recognition. Byrne et al. (1995) , using discriminant analysis, demonstrated the powerful potential forensic application of CHCs extracted from the adult ßies, in separating the Phormia regina (Meigen) according to both location and gender.
Up to the present, there has been a lack of research dealing with CHCs as taxonomic biochemical markers for pupal exuviae of forensic importance. There are potential advantages to using pattern recognition analysis of CHCs to achieve a satisfactory degree of resolution. In our previous study of the insect community succession on pig (Sus L.) carcasses as they decompose, the biology, ecology, and biochemistry of common carrion-breeding ßies was studied (Hu 2000 , Ma et al. 2000 . Here, a gas chromatography-mass spectrometry (GC-MS) investigation has been undertaken into the use of CHCs as chemotaxonomic characters for pupal exuviae of six forensically important ßiesÑAldrichina grahami (Aldrich), Chrysomya megacephala (F.), Lucilia sericata (Meigen), Achoetandrus rufifacies (Macquart), Boettcherisca peregrina (Robineau-Desvoidy), and Parasarcophaga crassipalpis (Macquart)Ñin Hangzhou, Zhejiang province, China.
Materials and Methods
Insects. Adult calliphorids (A. grahami, C. megacephala, L. sericata, and A. rufifacies) and the sarcophagids (B. peregrina and P. crassipalpis), identiÞed using keys of Fan (1992) and Xue and Zhao (1996) , were collected with fresh pig liver pitfall traps in a suburb of Hangzhou, Zhejiang province, China, in 2003. They were maintained at 24ЊC and 75% RH under a12-h light/dark cycle to establish populations. Eggs oviposited within 2Ð3 h were placed in fruit jars supplied with fresh pork. Sawdust was added for pupation. Pupae were transferred to petri dishes for emergence. As adults emerged, pupal exuviae were collected and frozen at Ϫ70ЊC.
CHC Extraction and GC-MS Analysis. The extraction procedure of Byrne et al. (1995) was slightly modiÞed. One pupal exuviae of each species was immersed in 2 ml of redistilled hexane in 10-by 35-mm glass tubes, at room temperature for 15 min. The pupal exuviae were then removed from the solvent. After extraction, CHCs were concentrated to dryness under vacuum for 30 min and then resuspended in 10 l of redistilled hexane before GC-MS injection.
Aliquots (3 l) were analyzed by gas chromatography (GC) using a HewlettÐPackard 6890A (Agilent Technologies, Palo Alto, CA) with splitless injection mode. The GC was linked to a HewlettÐPackard 6890B mass (Agilent Technologies) selective detector interfaced with a HewlettÐPackard 3393A computing integrator (Agilent Technologies) and equipped with a hydrogen ßame ionization detector and a 30-m fused Þlm silica capillary column (0.25 mm i.d., 0.25 mm Þlm thickness). The program started at an initial temperature of 50ЊC, increased gradually to 200ЊC at 25ЊC/min, and then to 270ЊC at 3ЊC/min with a Þnal hold of 20 min. Electron impact mode was performed at 70 eV. The inlet temperature was set at 250ЊC. The column, with a head pressure of 11.3 psi and a temperature of 300ЊC, used ultrapure helium as the carrier gas and was run at a constant ßow of 40 ml/min. The temperature of the GC-MS interface was 280ЊC. Components were characterized by their individual mass spectra, which were compared with those of standards, and matched by Enhance ChemStation (Agilent Technologies) with NIST 98.L library. Ten analyses were conducted for each species.
Data Analysis. Generally, the carbon chain lengths of CHCs in insects are greater than C23, which results in retention times Ͼ18 min. Therefore, only peaks exceeding an 18-min retention time were selected for analysis. The hydrocarbon peaks of each replicate were numbered according to their retention times. Percentages of each compound were calculated by computing the area under each peak, which produced a relative abundance value for each hydrocarbon component. Taxonomic analysis was carried out by stepwise discrimination (Byrne et al. 1995) . Discriminant analysis was conducted with SPSS 11.0 statistical software (SPSS 11.0 for Windows, SPSS Inc., Chicago, IL). Discriminant functions were constructed by applying WilkÕs lambda method with F ratios as variables. The spectral data were taken up for use when F Ͻ 8 and F Ͼ 5. Otherwise, the data were rejected. These peaks represented Ͻ1% of the sums of the areas for all the peaks in each species.
Results

CHC Composition.
The names, retention times, and percent compositions of principal hydrocarbons extracted from the pupal exuviae are listed in Table 1 . Four classes of hydrocarbons were identiÞed: 1) n-alkanes, 2) monomethylalkanes, 3) dimethylalkanes, and 4) n-alkenes. Representative GC spectra of CHCs of six necrophagous ßies are shown in Fig.  1 . In all six species, the n-alkanes constituted the greatest percentage (Ͼ55%, on average) of the CHC components, followed by monomethylalkanes (16.85ϳ52.31%), dimethylalkanes (1.13ϳ4.78%), and nalkenes (2.07ϳ3.76%). Among different species, the CHC abundance in A. grahami was much greater than in the others. The CHC proÞles were highly similar between C. megacephala and L. sericata.
The chain lengths of n-alkanes in all species ranged from C23 to C30. Pentacosane occurred in all species except A. grahami. Odd-numbered alkanes were the predominant compounds and accounted for 52.4%, on average, in all species except C. megacephala where they represented 75.6%. The most abundant odd-numbered alkanes were heptacosane (18.56%) and nonacosane (21.11%), on average. Except in A. grahami, hentriacontane was abundant and reached the highest level (15.44%) in B. peregrine and the lowest (4.44%) in C. megacephala.
Thirty-four monomethylalkanes were identiÞed. Variations were mostly in odd-numbered chain lengths. The peaks of 9-, 11-, 13-, and 15-methylalkanes with equal main chain lengths usually overlapped. The variations and abundances (all Ͼ1%) of monomethylalkanes were the largest in A. grahami and included: 9-,11-,13-methylpentacosane, 3-emthyl-pentacosane, 2-methyl-hexadecane, 9-,11-,13-methyl-heptacosane, 3-methyl-heptacosane, 5-methyl-heptacosane, 2-methyl-octocosane, 9-,11-,13-,15-methyl-nonacosane, 3-methyl-nonacosane, 7-methyl-nonacosane, 2-methyl-triacontane and 9-,11-, 13-,15-methyl-hentriacontane.
Five alkenes, including two pentacotenes (0.29 and 0.63%), two heptacotenes (0.94ϳ1.15%), and one nonacotene (0.75%) were identiÞed. The unsaturated bonds in the carbon chains were not determined because of limitations of the methodology.
Small variations and low abundances of dimethylalkanes were observed in all six species, and included 3,7-dimethyl-pentacosane (0.3%), 2,4-dimethyl-hexadecane (0.21%), 3,4-dimethyl-heptacosane (0.87%), 11,15-; 9,13-dimethyl-heptacosane (2.85%), 2,4-dimethyl-octocosane (0.51ϳ0.81%), 9,17-dimethyl-nonacosane (0.53ϳ 2.02%), 7,11-dimethyl-nonacosane (0.79%), and 11,15-; 11,17-dimethyl-nonacosane (0.34ϳ1.96%).
Discriminant Analysis. Using a stepwise multiple regression analysis by the Fisher discriminant method, eight spectral peaks were determined as characteristic variables among the pupal exuviae. They included peak 1 (tricosane), peak 7 (9-,11-,13-methyl-pentacosane), peak 21 (11,12-;9,13-dimethyl-heptacosane), peak 24 (octocosane), peak 41 (7,11-dimethyl-nonacosane), peak 42 (3-methyl-nonacosane), peak 46 (2-methyl-hentriacontane), and peak 51 (unidentiÞed (Table 2) . Functions 1 and 2 were interpreted with a total success variable rate of 70.82 and 98.65% for functions 1, 2, 3, and 4. A statistical analysis (one-way analysis of variance (ANOVA) showed signiÞcant differences (P Ͻ 0.01) among all functions. Accurate determinations using functions 1 and 2 are shown in Fig. 2 , where species were plotted according to their scores on these two functions. A. grahami, B. peregrine, A. rufifacies, and P. crassipalpis can be clearly distinguished from C. megacephala or L. sericata. The difference between C. megacephala and L. sericata is not clear, but they could be distinguished using functions 2 and 3. Complete separation of all species was achieved by applying all Besides the aforementioned typical functions, we adopted a Bayesian discriminant function, where only the values of each pupal exuviae needed to be computed. It is easy to see, that the highest scores represent the sampled species. The Bayesian discriminant functions for the six necrophagous ßies were clearly discernible (Table 3) .
Discussion
The results showed that the six necrophagous ßies had distinct CHC proÞles. Their CHCs are similar to those of other insects and consisted of alkanes, monomethylakanes, and dimethylalkanes (Kruger et al. 1991 , Estrada-Pena et al. 1994 , Byrne et al. 1995 . In addition, alkenes, minor components of CHCs in many dipterans, were detected. Heptacosane and nonacosane were the most abundant compounds found in these six species, similar to what is found in other insects (Lockey 1988 , Louloudes et al. 1962 , Byrne et al. 1995 .
It is widely accepted that CHC analysis provides a wealth of information for distinguishing species (species complex or populations), including cockroaches (Everaerts et al. 1997, Carlson and Brenner 1988) , mosquitoes (Milligan et al. 1986 , Phillips et al. 1990 , Kruger 1991 , P. regina (Byrne et al. 1995) , a tabanid (Sakolsky et al. 1999) , and termites (Howard et al. 1988 , Thorne et al. 1994 , Takematsu and Yamaoka 1999 , even though the differences in CHCs may be small. The identiÞcation of pupal exuviae of forensically important species is a major problem, because there are no easy methods for species identiÞcation. This study demonstrates that CHCs of pupal exuviae are chemotaxonomically diagnostic for A. grahami, C. megacephala, L. sericata, A. rufifacies, B. peregrine, and P. crassipalpis , with 100% correct identiÞcation by cross-regression analysis based on discriminant functions. To our knowledge, this is the Þrst report of a separation methodology for pupal exuviae of forensic interest. It suggests directions for future taxonomic research in forensic entomology, especially for pupae and pupal exuviae. They are difÞcult to identify for two reasons: 1) there are few morphological characters available and 2) the useful chemical components (e.g., proteins, enzymes, DNA) of pupal exuviae naturally decompose. Amorim and Ribeiro (2001) investigated the possibility of identifying the pupae of C. megacephala, Chrysomyia putoria (Wiedemann), and Cochliomyia macellaria (F.). They discovered only three useful morphological characters for identiÞca-tion: circum-spiraculum obvious or not, the diameter of postspiraculum, and the lubricity of pupal exuviae. Lack of morphological characters restricts their usefulness. Although some entomologists in China (Xue et al. 1984; 1985) distinguish common species of ßy pupae by morphological characters, this is difÞcult for forensic scientists. Furthermore, adult emergence de- stroys the pupal exuviae, making their identiÞcation even more difÞcult. Using CHCs as a tool for identiÞcation has some major advantages: 1) broken exuviae can be used for analysis; 2) CHCs are relatively stable molecules that can be used for older specimens; 3) pinned museum specimens can be analyzed; 4) single specimens provide a useful GC-MS pattern; and 5) this method is simple, feasible, and cost-effective when compared with traditional identiÞcation using morphological characters, especially for forensic specialists with few entomological knowledge.
Some workers have reported that CHC composition varied with geographic populations, diet, and environmental temperature (Byrne et al. 1995; Liang and Silverman 2000; Desena et al. 1999a Desena et al. , 1999b . Page et al. (1990) postulated that CHCs are relatively stable metabolic end products that seem to be genetically controlled and are only slightly affected by environmental factors. Stoffolano et al. (1997) reported that there were no diet-, age-, or sex-speciÞc differences in CHCs observed for adult P. regina. Cuvillier-Hot et al. (2001) determined that the CHCs of Diacamma ceylonense Emery vary in their proportions according to age and fertility, and they also found qualitative differences between the sexes. Lorenzi et al. (2004) showed that young wasps readily absorbed hydrocarbons when exposed to them, whereas older wasps did not incorporate them, suggesting that the chemical proÞles of mature wasps are less prone to chemical shifts than those of newly emerged wasps. These results showed the advantages of the CHC analysis. In our study, all of the specimens came from uniformly maintained lab colonies; studies to validate results under Þeld conditions will be performed in our future research.
Each CHC can serve as a unique morphological character. Brown et al. (1998) found that the CHC compositions of male and female Chrysomyia bezziana Villeneuve from different locations showed some differences that allowed grouping of locations by geographical region. A chemotaxonomy was developed for two social species, Nasutitermes corniger (Motschulsky) and Nasutitermes corniger ephratae (Holmgren), using their CHCs (Howard et al. 1988 ). The two species show qualitatively identical but quantitatively unique hydrocarbon proÞles, which are readily distinguishable. Kruger et al. (1991) reported geographic variation in CHCs of seven Aedes albopictus (Skuse) populations. All populations contained the same CHCs, but showed quantitative differences in hydrocarbon composition. Likewise, in this study, Fig. 1 shows distinct GC patterns in CHC compositions for each species, and discriminate analysis using CHC compositions of pupal exuviae results in accurate identiÞcations.
